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In the present study, the flow boiling heat transfer of R1234ze(E), R32 and zeotropic mixture R1234ze(E)/R32 
(50/50 mass%) in a horizontal micro-fin tube is experimentally investigated to clarify the pressure drop and heat 
transfer characteristics. Tested micro-fin tube is made of copper, and its geometry is as follows, 6.00 mm in outer 
diameter, 5.21 mm in mean inside diameter, 0.26 mm in fin height and 20 degree in spiral angle. Experiments are 
conducted in the mass velocity range of 150 to 400 kg m-2s-1 at a constant inlet temperature 10 oC. The effects of 
mass velocity and the difference of refrigerants on heat transfer and frictional pressure drop characteristics are 





With the concern over the global warming and ozone layer depletion, developing environmentally friendly 
refrigerants for air conditioning and refrigeration systems is increasingly important. The key points of the 
development are to be low GWP (Global Warming Potential) and to perform COP equal to or higher than the 
currently used refrigerants such as R134a or R410A. 
Ueda et al. (2011) experimentally compared the COP and capacity of R134a and R1234ze(E) with a 1407 kW class 
centrifugal chiller. The values of COP and capacity of R1234ze(E) were 3% and 29% lower than those of R134a, 
respectively. They concluded that this degradation of R1234ze(E) is still in adjustable range with compressor 
optimization. Koyama et al. (2011) evaluated a cycle performance of R410A, R1234ze(E), and zeotropic mixture 
R1234ze(E)/R32 with an experimental facility which performs 1.4 to 2.8 kW class heating and cooling mode air 
conditioning. With increasing mass fraction of R32, the COP and capacity were increased. COP and capacity of 
mixture almost reached that of R410A at R32 mass fraction 80 %. As evaluated, R32 is expected to increase the 
COP and capacity; however, the GWP is also increased. Based on their result, mixtures of R1234ze(E) and R32 are 
nominated as alternatives of R410A for residential air conditioners.  
There are several studies on flow boiling heat transfer of low GWP refrigerants in horizontal tubes in the latest 
literatures. Regarding to R1234yf, Saitoh et al. (2011) were experimentally investigated flow boiling heat transfer 
coefficient of R1234yf in a horizontal smooth tube (I.D. 2 mm). The heat transfer coefficient (HTC) was measured 
at heat fluxes from 6 to 24 kWm-2, mass velocities from 100 to 400 kg m-2s-1, and evaporating temperature 15 oC. 
The results show that the effect of heat flux and mass velocity on the heat transfer was large at high vapor quality. 
HTC of R1234yf was almost same as that of R134a. HTC calculated based on correlations with Saitoh et al. agreed 
well with the measured values, compared to other correlations. The measured pressure drop agreed well with that 
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predicted by the Lockhart-Martinelli correlation. Li et al. (2011) were experimentally investigated flow boiling heat 
transfer coefficient of R1234yf/R32 mixtures in a smooth tube of 2 mm inner diameter. Concentrations of R1234yf 
are 80% and 50%. The test results show that HTC of the mixture with 20% mass fraction of R32 is lower than that 
of pure R1234yf. When the concentration of R32 increases to 50%, HTC of the mixture is higher than that of pure 
R1234yf at large mass velocities and high heat fluxes. HTC of pure R32, pure R1234yf and the mixtures predicted 
by six correlations were compared. It is indicated that the predicted results by the correlation for mixtures proposed 
in their study is in good agreement with measured HTC. Regarding to the other refrigerant R1234ze(E) and mixtures 
containing R1234ze(E), HTC data in smooth and micro-fin tubes seem not sufficient to clarify the effects of 
diameters and fin geometries on flow boiling heat transfer and pressure drop characteristics.  
This study presents experimentally determined HTC and frictional pressure drop of pure refrigerants R1234ze(E), 
R32 and zeotropic refrigerant mixture R1234ze(E)/R32(50/50mass%) in a horizontal micro-fin tube of 6 mm O.D. 
In addition, the experimental data of HTC and frictional pressure drop for pure refrigerant are compared with some 
correlations proposed for other refrigerants flow boiling in micro-fin tubes. 
 
2. EXPERIMENTAL APPARATUS, PROCEDURE AND CONDITIONS 
 
Figure 1 shows an experimental apparatus used in this study. The apparatus is mainly composed of a variable speed 
compressor (1), an oil separator (2), a condenser (3), a liquid reservoir (4), a coriolis type mass flow meter (6), a 
solenoid expansion valve (7), a pre-heater (8), a test section (9) and an after-heater (10). Three temperature 
controlled bathes (11) supply hot water to the test section (9) and the after-heater (10), respectively. The rotational 
speed of the compressor and the opening angle of the expansion valve are manually controlled to adjust evaporating 
pressure and refrigerant mass flow rate. The pre-heater is controlled to adjust the test section inlet vapor quality. 
Figure 2 shows dimensions of the test section and measurement points. The test section of 2216 mm total length is 
a tube-in-tube counter flow heat exchanger, in which the refrigerant flows in an inner test micro-fin tube and the 
heating water flows in the annulus constructed between inner and outer tubes. The annulus is divided into four 
subsections, each of which is 454 mm long (the active heating length is 414 mm). Two mixing chambers are 
installed at both ends of the test section to measure the refrigerant pressure and bulk mean temperature. 
The maximum reading and measurement uncertainty of absolute and differential pressure transducers are 2MPa 
±2.2 kPa, and 100 kPa ±200 Pa, respectively. The refrigerant temperatures at the test section inlet and outlet are 
measured with K-Type thermocouples with an uncertainty of ±0.05 K. The heating water temperatures at inlet and 
outlet of each subsection are measured with Pt thermometers within ±0.03 K uncertainty. T-type thermocouples of 
0.127 mm in wire diameter are embedded in the outside of the inner test micro-fin tube on top, bottom, right, and 
left at axially middle points of each subsection. The measurement uncertainty of these thermocouples is ±0.05 K. 
The refrigerant mass flow rate is measured within ±0.12 % of full scale 13.8 g/s. The volumetric flow rate of water 
is measured by a gear type flow meter with the uncertainty ±0.5 % of the reading value. 
Table 1 specifies the geometric parameters of the test micro-fin tube made of copper. Its mean inside diameter is 
5.21 mm. The surface enlargement ratio of the test micro-fin tube is 2.55. This is the ratio of actual heat transfer area 
of micro-fin tube to that of 5.21 mm I.D. smooth tube. The present micro-fin tube, which is developed for high 
pressure refrigerants such as R410A used in residential air conditioners, has relatively high fins of 0.256 mm in 
height.  
Experiments are conducted at the mass velocities ranging from 150 to 400 kg m-2s-1, and the saturation temperature 
10 oC. Experimental data on the steady state conditions are recorded every one second for one minute using a data 
acquisition system. 
 
3. DATA REDUCTION 
 
The frictional pressure drop ∆PF is calculated as follows. 
 
 MTF PPP ∆−∆=∆  (1) 
 
where ∆PT is the measured total pressure drop, and ∆PM is the acceleration pressure drop estimated from the 
following equation, 
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do [mm] dr [mm] di [mm] hfin [mm] β  [deg.] N [-] η  [-] 
6.05 5.37 5.21 0.256 18.8 58 2.55 
 
Figure 2: Schematic view of the test section 
 
K : K-type Thermocouple 
T : T-type Thermocouple 
PT : Resistance Thermocouple 
P : Absolute Pressure Transducer 
∆ P : Differential Pressure Transducer 
W : Gear Type Flow Meter  
(1) Compressor 
(2) Oil Separator 
(3) Condenser 
(4) Liquid Reservoir 
Figure 1: Schematic view of the experimental apparatus 
(9) Test Section 
(10) After-Heater 
(11) Temperature Controlled Bath 
(12) Sampling Port 
(5) Sight Glass 
(6) Flow Meter 
(7) Expansion Valve 
(8) Pre-Heater 
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where x is the vapor quality,  G is the mass velocity, and ξ is the void fraction that is obtained from the following 
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ρξ xxx  (5) 
 
where ξSmith is Smith’s correlation (1971) and ξHomo is the void fraction of homogeneous two phase flow in smooth 
tubes, ρV and ρL are densities of saturated vapour and liquid, respectively. 
The specific enthalpy at the after-heater outlet hAH,out is determined from refrigerant pressure and bulk mean 
temperature measured at the mixing chamber. The specific enthalpy change through the after-heater ∆hAH is 
obtained from the water side heat balance. Hence, the specific enthalpy at the test section outlet hTS,out is given as the 
subtraction of ∆hAH from hAH,out . The inlet bulk enthalpy in each subsection is calculated by solving the following 
heat balance equation from the test section outlet to upstream.  
 
 Rout,bin,b WQhh −=  (6) 
 
where hb,in, hb,out, Q, and WR are subsection inlet and outlet bulk enthalpies, and the heat transfer rate calculated by 
water side and refrigerant mass flow rate, respectively. The refrigerant average vapor quality x given by 
 
 ( ) ( )LVLb hhhhx −−=  (7) 
 
where, hb is the arithmetic mean of hb,in and hb,out. hL and hV are enthalpies of liquid and vapor at the saturation point 
calculated from the arithmetic mean of pressures measured at inlet and outlet of each subsection and the composition 
of R1234ze(E)/R32 assumed uniform in vapour and liquid phases. The average heat flux based on the actual heat 
transfer area in each subsection is defined as follows. 
 
 ( )ZdQq i ∆= ηpi  (8) 
 
where di, η, and ∆Z are mean inside diameter, the surface enlargement ratio, and active heat transfer length, 
respectively. The circumferentially averaged internal tube wall temperature at the mean inside diameter Twi is 
calculated as, 
 
 ( ) ( )ioWWoWi ln2 ddZQTT ∆+= piλ  (9) 
 
where Two, λw, do are average temperature of the tube outer surface, thermal conductivity of the test tube and the 
outer diameter of the test tube, respectively. The average HTC based on actual heat transfer area in each subsection 
α is defined as, 
 
 ( )bWi TTq −=α  (10) 
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where Tb is the  bulk temperature that is the equilibrium saturation temperature of refrigerant. For zeotropic mixture 
R1234ze(E)/R32, it is obtained from the enthalpy and pressure at the inlet and outlet of each subsection. For pure 
refrigerant R1234ze(E) and R32, Tb represents the saturation temperature. Properties of R1234ze(E), R32, 
R1234ze(E)/R32(50/50 mass%) and heating water were calculated with REFPROP Ver. 9.0 (2010) in this study. 
Properties of the zeotropic refrigerant mixture are calculated by circulating composition collected at sampling port.  
 
4. RESULT AND DISCUSSION 
 
4.1 Heat transfer characteristics 
Figure 3, 4 and 5 show the HTC α of R1234ze(E), R32 and R1234ze(E)/R32(50/50 mass%) at saturation 
temperature 10 oC, and mass velocities G = 150, 200, 300 and 400 kg m-2s-1. The horizontal axis is vapor quality x. 
For pure refrigerant R1234ze(E) and R32, HTC increases with increasing vapor quality at any experimental 
conditions. This is mainly caused by thinning liquid film and faster vapor flow. For zeotropic refrigerant mixture 
R1234ze(E)/R32(50/50 mass%), HTC is almost unchanged with vapor quality change in the experimental range. 
That is thought to be calculated by the bulk enthalpy assuming the same temperature in liquid and vapor phase. For 
instance, HTC of low vapor quality is overestimated; while, HTC of high vapor quality is underestimated. Yoshida 
et al. (1993) stated that the HTC of zeotropic mixtures can be still enhanced at low vapor quality region, although 
the enhancement is greatly degraded. This degradation is theoretically explained by taking account of the local 
composition change in the meniscus liquid film formed in the fins on upper part of the tube perimeter. Similar to the 
Yoshida et al. (1993), HTC of mixture is lower than that of pure refrigerants at low vapor quality region. 
 
4.1.1 Comparison of HTC of various refrigerants: In comparison with between HTC of R1234ze(E) and R32, HTCs 
of R1234ze(E) are lower than those of R32 in the experimental mass velocity range. This can be explained with 
lower thermal conductivity and smaller latent heat of R1234ze(E). And also, HTC of zeotropic mixture 
R1234ze(E)/R32 is degraded from that of pure refrigerant at any condition because of the effect of mass transfer 
resistance. That is, individual components pass from the liquid to the vapor phase in different proportions, and the 
faster evaporation of the more volatile component causes an enrichment of the bubble forming boundary layer with 
the less volatile component, so that the local boiling temperature increases.  
 
4.1.2 The effect of heat flux: For R1234ze(E) and R32, HTC decrease with increasing heat flux from 10 to 15 
kWm-2 at vapor qualities beyond 0.7, and mass velocities below 200 kg m-2s-1 as shown in Figures 3(a), 3(b), 4(a) 
and 4(b). That is the typical behavior of “dryout” occurrence at the top of tube. As shown in Figures 3(c), 3(d),  4(c) 
and 4(d), HTC is almost unchanged by heat flux. It appears to be that the convective evaporation heat transfer is 
dominant in those regions. For zeotropic refrigerant mixture, HTC increases a little with increasing heat flux from 
10 to 15 kWm-2 in the entire range of vapor quality. The reason is that the recovery of nuclear boiling is supplied by 
abundant degreed of superheat for bubble formation with increasing heat flux against suppression of nuclear boiling 
due to the effect of mass transfer resistance.  
 
4.1.3 The effect of mass velocity: As shown in Figures 3 and 4, the pure refrigerants show very slight increase in 
HTC with increasing mass velocity. Those HTCs increase with increasing vapor quality. The degree of this 
inclination suddenly becomes steep at a certain vapor quality. This suggests the transient of flow regime from 
stratified/wavy to annular by increasing vapor velocity, reducing liquid film thickness and enhancing convective 
heat transfer at vapor-liquid interface. This transient point seems to shift to lower vapor quality with increasing mass 
velocity. The annular flow seems to appear at lower vapor quality for higher mass velocity. HTC of the zeotropic 
refrigerant mixture also slightly increases with increasing mass velocity. However, the increasing ratio is still far 
below from that of pure refrigerants. 
 
4.2 Frictional pressure characteristics 
Figures 6, 7 and 8 show the frictional pressure drop (∆PF/∆Z) of R1234ze(E), R32 and 
R1234ze(E)/R32(50/50mass%) at saturation temperature 10 oC and mass velocities 150, 200, 300 and 400 kg m-2s-1. 
Frictional pressure drops of all test refrigerants increase with increasing vapor quality and mass velocity. This can be 
explained with increasing shear stress at vapor-liquid interface and tube wall.  
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(a) G=150 kg m-2s-1            (b) G=200 kg m-2s-1            (c) G=300 kg m-2s-1            (d) G=400 kg m-2s-1   
Figure 3: HTC of R1234ze(E) with various mass velocities 
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(a) G=150 kg m-2s-1            (b) G=200 kg m-2s-1            (c) G=300 kg m-2s-1            (d) G=400 kg m-2s-1   
Figure 4: HTC of R32 with various mass velocities 
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(a) G=150 kg m-2s-1            (b) G=200 kg m-2s-1            (c) G=300 kg m-2s-1            (d) G=400 kg m-2s-1   
Figure 5: HTC of R1234ze(E)/R32(50/50mass%) with various mass velocities 
 
 
4.2.1 Comparison of HTC of various refrigerants: As compared in Figures 6 and 7, frictional pressure drop of 
R1234ze(E) is higher than that of R32. At vapor quality 0.8 and mass velocity 300 kg m-2s-1, the frictional pressure 
drop of R1234ze(E) is twice of R32 roughly. This is because of more viscous liquid and higher vapor velocity due to 
the lower vapor density of R1234ze(E). Frictional pressure drop of zeotropic refrigerant mixture is higher than that 
of R32, lower than that of R1234ze(E). Because vapor density of mixture refrigerant is intermediate value between 
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(a) G=150 kg m-2s-1            (b) G=200 kg m-2s-1            (c) G=300 kg m-2s-1            (d) G=400 kg m-2s-1   
Figure 6: Frictional pressure drop of R1234ze(E) with various mass velocities 
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(a) G=150 kg m-2s-1            (b) G=200 kg m-2s-1            (c) G=300 kg m-2s-1            (d) G=400 kg m-2s-1   
Figure 7: Frictional pressure drop of R32 with various mass velocities 
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(a) G=150 kg m-2s-1            (b) G=200 kg m-2s-1            (c) G=300 kg m-2s-1            (d) G=400 kg m-2s-1   
Figure 8: Frictional pressure drop of R1234ze(E)/R32(50/50mass%) with various mass velocities  
 
 
4.3 Comparison between experimental data and correlations 
4.3.1 Comparison between experimental data and predicting correlations on HTC: The present experimental results 
of pure refrigerants are compared with correlations proposed for other refrigerants by Momoki et al. (1995), Thome 
et al. (1997), Cavallini et al. (1998) and Mori et al. (2002). In Figure 3 and 4, black and grey lines show those  
predicting correlations. Table 2 compares the average deviation and mean deviation of those prediction results to 
experimental results. The predicted HTC of R1234ze(E) by above four correlations reasonably agree with the 
present experimental data with mean deviation 30%. For R32, the predicted HTC by the correlation of Thome et al. 
(1999) shows best agreement among the selected correlations with the present experimental data with mean 
deviation 14.8%. As compared lines and symbols in Figures 3 and 4, predicted HTC deviates from the present data 
mostly at low mass velocity and high vapor quality. 
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Table 2: Comparison of experimental HTC and selected correlations for R1234ze(E) and R32 
( )
























4.3.2 Comparison of frictional pressure drop between experimental data and correlations: The present experimental 
results on frictional pressure drop for pure refrigerants in the micro fin tube are compared to the correlations of Goto 
et al. (2001) and Kubota et al. (2001) as shown with black and grey lines in Figures 6, 7. Table 3 compares average 
and mean deviation of those two correlations from the present data. For both pure refrigerants, the predicted pressure 
drop by the correlation of Kubota et al.(2001) shows better agreement with the present experimental data. The 




The characteristics of the frictional pressure drop and the HTC of boiling flow are experimentally investigated for 
R1234ze(E), R32 and R1234ze(E)/R32(50/50mass%) in a horizontal micro-fin tube at the mass velocities ranging 
from 150 to 400 kg m-2s-1, and constant inlet temperature 10 oC. The main conclusions are summarized as: 
(1) HTC of R1234ze(E) is lower than that of R32. This can be explained with lower liquid thermal conductivity and 
smaller latent heat of R1234ze(E). HTC of the zeotropic mixture is degraded from that of pure refrigerant, 
because of mass transfer resistance. 
(2) The frictional pressure drop of R1234ze(E) is higher than that of R32. This is because of more viscous liquid 
and higher vapour velocity of R1234ze(E). Frictional pressure drop of R1234ze(E)/R32(50/50mass%) is higher 
than that of R32, but lower than that of R1234ze(E). Because the refrigerant properties are intermediate value 
between R1234ze(E) and R32. 
(3) The predicted HTC by Momoki et al. (1995), Cavallini et al. (1998), Thome et al. (1999) and Mori et al. (2002) 
correlation of R1234ze(E) agree with the present experimental data within 30%. For R32, the values predicted 
by the correlation of Thome et al. (1999) are in good agreement with the present experimental data with mean 
deviation 14.8%. 
(4) The predicted frictional pressure drop by the correlation of Kubota et al.(2001) agrees well with the present 







Momoki et al. 
(1995) 
Thome et al.  
(1997) 
Cavallini et al. 
(1998) 
Mori et al.  
(2002) 
ADa MDb ADa MDb ADa MDb ADa MDb 
R1234ze(E) 3.49 23.5 18.5 27.28 -10.4 23.9 15.7 24.1 
R32 -9.9 20.5 12.5 14.8 -48.2 48.2 -13.8 31.9 
Refrigerants 
Goto et al. 
(2001) 
Kubota et al. 
(2001) 
ADa MDb ADa MDb 
R1234ze(E) 34.2 34.2 0.51 11.2 
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∑
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NOMENCLATURE 
 
di mean inside diameter (m)  Subscripts 
do outside diameter (m) b  bulk 
dr maximum inside diameter (m) L liquid 
G mass velocity (kg m-2s-1) V vapor 
h specific enthalpy (J kg-1) in in 
hfin height of fins (m) out out 
N number of fins (–) W wall 
q average heat flux (W m-2) Wi inner wall 
Q heat transfer rate (W) Wo outer wall 
T temperature (oC)  Homo homogeneous 
WR refrigerant mass flow rate (kg s-1)  Smith Smith’s model 
x vapor quality (–) EXP  experiment 
∆PF frictional pressure drop (Pa)  CAL calculation 
∆PM acceleration pressure drop (Pa)  
∆PT total pressure drop (Pa)  
∆z tube length between pressure (m) 
 ports 
∆Z active heat transfer length (m)   
α heat transfer coefficient (W m-2 s-1) 
β spiral angle (degree) 
η surface enlargement ratio  (–) 
λ thermal conductivity  (W m-1 K-1) 
ρ density  (kg m-3) 
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